ABSTRACT: We used empirical data on the time allocation of common murres Uria aalge in relation to measures of local prey density to examine whether adults provisioning chicks are more sensitive to changes in prey density than birds that are incubating eggs. We hypothesized that seasonal differences in food requirements of incubating and chick-rearing parents would affect the form of the relationship between time spent at the colony and local food density. We found that the relationship did differ between the incubation and chick-rearing period in 3 important ways: (1) there was a strong non-linear relationship between food density and colony attendance during chick-rearing and a weaker relationship during incubation; (2) incubating birds were able to maintain relatively constant rates of attendance over a wider range of food densities than chick-rearing birds and only reduced colony attendance under extremely poor feeding conditions, if at all; and (3) incubating birds spent more time attending nest sites at the colony than provisioning birds. These differences confirmed that chick-rearing parents are more sensitive to changes in food density than incubating parents, and that measurements of time allocation during the incubation period would have limited value as an indicator of ecosystem change.
INTRODUCTION
Seabirds may be useful indicators of change in marine ecosystems when aspects of their biology or behavior respond in a predictable manner to changes in food availability (e.g. Durant et al. 2003 , Frederiksen et al. 2004 . The form of the relationship between a measurable behavioral or demographic parameter and local food supply largely determines the sensitivity and utility of that parameter as an indicator of marine ecosystem change (Cairns 1987) . For example, the breeding success of several species of seabirds has been shown to be a non-linear function of food density (Philips et al. 1996 , Suddaby & Ratcliffe 1997 , with productivity linearly correlated with food over a limited range of poor to moderate food abundance, but plateauing and independent over a range of higher abundance.
Similarly, there is a non-linear relationship between food density and the amount of time common murres Uria aalge spend at the colony during the chick-rearing period ). Breeding common murres have a fairly flexible time budget, with the nonbrooding parent able to increase foraging time in exchange for time spent at the colony when food is scarce (Burger & Piatt 1990 , Zador & Piatt 1999 . Conversely, more time can be spent at the colony when food is abundant and foraging time is minimal. This flexibility results in a relationship where colony attendance increases rapidly as prey density increases over a range of low to moderate food densities until attendance levels off to become independent of prey over a range of moderate to higher densities ). This plateau in attendance presumably reflects a trade-off between the costs (e.g. adult predation risk) and benefits (e.g. defending nest sites) of time spent at the colony (Cairns 1987 , Jones et al. 2002 , Davoren & Montevecchi 2003 .
Time and energy demands associated with reproduction are generally thought to be at a maximum during the chick-rearing period for altricial species (Ricklefs 1983) , and parents may adjust their foraging time and behavior to cope with these increased demands (e.g. Jansen et al. 2002 , Shaffer et al. 2003 . For example, studies on the behavior of breeding murres have shown an increase in foraging effort and foraging rates, a decrease in time spent at the colony, alteration in diving behavior (e.g. dive interval), and a switching of prey species during the chick-rearing period (Gaston 1985 , Croll et al. 1991 , Zador & Piatt 1999 , Jones et al. 2002 . Given this increased demand for food, we assumed that timeactivity budgets of chick-rearing parents should be more sensitive to prey availability than incubating birds. To our knowledge, however, this assumption had never been tested.
In the present study we used empirical data on the parental time budgets of common murres to examine how time allocation changes with breeding status. We predicted that chick-rearing birds would decrease colony attendance at a higher threshold of food density than incubating parents. We defined this behavioral threshold as the level of food density below which there is a positive correlation between attendance and food density, and above which there is no such relationship. In order to ensure a broad range of food densities required to assess functional relationships, we designed a 5 yr study around 3 colonies with contrasting oceanographic conditions and an order of magnitude range in local food density (Abookire & Piatt 2005 , Speckman et al. 2005 . We used 15 colony-years of data gathered in this study to characterize the functional relationship between time spent at the colony and food density and contrast the relationship between incubation and chick-rearing periods. We discuss the implications of these results for the use of seabirds as indicators of change in the marine environment and make specific recommendations for monitoring programs.
MATERIALS AND METHODS
Study sites and background. This study was conducted during 5 consecutive seasons (1995 to 1999) at 3 common murre Uria aalge colonies in lower Cook Inlet, Alaska (Speckman et al. 2005 , providing us with 15 colony-years of data. The colonies are separated from each other by about 100 km, and are in oceanographically distinct habitats (Speckman 2004) . Chisik Island is adjacent to stratified, relatively warm estuarine waters with low primary productivity; Gull Island is adjacent to relatively cool, stratified and highly productive waters that are fed by cold currents from the south; and the Barren Islands are surrounded by mixed, cold oceanic waters that result from upwelling of Gulf of Alaska water as it enters Cook Inlet (Speckman et al. 2005) . Common murres breeding at these colonies have shown contrasting population trends over the last 25 yr (Piatt & Anderson 1996 , Zador & Piatt 1999 .
By studying 3 colonies with order-of-magnitude differences in food availability in the surrounding waters (Abookire & Piatt 2005 , Speckman et al. 2005 , our study constituted a natural experiment to resolve the relationship between seabirds and their food supply (see Harding et al. 2007 for more details).
Local prey density. We measured local fish densities around each of 3 seabird colonies by conducting hydroacoustic surveys on a grid of transects arranged within a 50 km radius of each site (details are found in Speckman 2004 , Speckman et al. 2005 . Distances surveyed among areas were similar, averaging about 1100 linear km of transect for all areas combined in each year except for 1995 (750 km surveyed; Speckman 2004, J. F. Piatt unpubl. data). Hydroacoustic surveys were conducted during a 3 wk period in each year (1995: 10 to 23 August; 1996: 14 to 31 July; 1997: 19 July to 8 August; 1998: 21 July to 12 August; 1999: 25 July to 16 August), usually encompassing periods of late incubation and early chick rearing for common murres (overall colony/year mean date of hatch was 10 August; J. F. Piatt & A. B. Kettle unpubl. data). We assumed therefore that hydroacoustic biomass estimates reflect food densities during both incubation and chick-rearing.
Hydroacoustic data were collected with a single beam 120 kHz BioSonics DT4000 system with a 6°b eam angle. Before each cruise, the acoustic system was calibrated using a 33.2 mm tungsten carbide sphere with expected target strength of -40.6 dB. To identify acoustic signals and measure the size of individual fish, we conducted 163 mid-water trawls (see Abookire & Piatt 2005 , Speckman et al. 2005 . Acoustic data were analyzed using SonarData Echoview software (Ver. 2.10.48) and integrated with a minimum threshold of -70 dB to obtain relative measures of acoustic biomass (S A ). These were converted to absolute estimates of fish density (fish m (Thomas et al. 2002) , and cod TS = 20.0Log(L) -65 (Rose & Leggett 1988) , which accounted for 99.2% of all fish caught. The proportion of catch, expressed as catch per unit effort, standardized to the number captured per km trawled, was used to convert acoustic backscatter to species-specific fish density (g m -3
) (Speckman 2004) . Geometric mean acoustic densities were calculated from transformed data as mean (log x + 1) values, and then transformed back to original density units (Johannesson & Mitson 1983) .
Parental behavior. We measured parental time spent at the colony during the chick-rearing period in each of the 15 colony-years and during incubation in 14 colonyyears (data not collected at the Barren Islands in 1995). Data were collected by direct observations of murres on Chisik Island and indirectly with a time-lapse video camera on Gull Island (see Zador & Piatt 1999 ). Murres at the Barren Islands were observed directly in 1995 and by time-lapse video from 1996 to 1999. Video resolution (5 frames s -1 at the Barrens, 6 frames s -1 at Gull Island) was sufficient to record all arrivals and departures of birds at the colony.
Birds at each colony were observed on a plot containing 7 to 12 breeding pairs of murres from 07:00 to 20:00 Alaska Daylight Time on 2 to 3 observation days during both the incubation and chick-rearing phases. We observed the same nest sites within each summer, although failed nests were replaced in later watches. Observation days were generally scheduled to sample the early, middle, and late parts of both the incubation and chick-rearing periods.
We noted each parent's arrival and departure time at the colony. Attendance was measured in bird-minutes per hour. For example, if 1 incubating or brooding parent attended its nest for a full hour, and the off-duty partner attended for half of that hour, we calculated 90 bird-minutes of attendance for that hour. Fewer than 60 bird-minutes of attendance would mean that the egg or chick was left unattended for some period of time. Nest site was a sample unit, with mean colony attendance per nest calculated separately for the incubation and chick-rearing periods.
Statistical analysis. Our prediction -that below a certain threshold food density is positively related to colony attendance, whereas above this threshold there is no such relationship -mathematically implies a non-linear model of the relation between these 2 variables. This model, heuristically depicted by Cairns (1987) , can be more precisely described quantitatively as a piecewise or broken-stick model (Toms & Lesperance 2003 ) that represents the joining of 2 segments, the first of which is represented by a quadratic equation and the second of which is a flat asymptote or plateau of no slope. We used a quadratic model, rather than a linear one, for the first segment to allow for a smooth transition to the plateau. Two alternatives to this non-linear model can be contemplated. One is a null model of no relation, which is essentially the plateau segment of the non-linear model. The other is a linear model, which is analogous to just the first segment of the nonlinear model and implies that the range of observed food densities affects time spent at the colony.
We compared the fit of these 3 models (Table 1) to colony mean values of incubation and chick-rearing attendance data using the Akaike information criterion, adjusted for finite sample size (AICc), and for which the model with the lowest AICc best represents the data (Burnham & Anderson 2002) . Each model was statistically represented with a least-squares regression model where the error sums of squares, sample size, and number of estimated parameters all influenced the AICc calculation (Burnham & Anderson 2002 ). For each model we also present an AICc weight, which reflects the relative likelihood of that model being the best fitting model among those considered and where all AICc weights within an analysis sum to 1. These AICc weights allowed us to employ modelaveraging procedures, which are useful when competing models fit the data similarly (Burnham & Anderson 2002) . 271 Table 1 . Uria aalge. Comparison of the relationship between food density and time spent at the colony during the incubation and chick-rearing periods. Three predicted relationships were tested by comparing the fit of colony-mean annual values to the models illustrated using the Akaike information criterion (AIC). The best fitting model for each predicted relationship appears in bold.
Model-averaged fits to the data for the non-linear relationship are shown in Fig. 1 Relationships 
RESULTS

Local food density
Mean prey density varied among the 15 colonyyears (mean = 0.0353 g m -3 ± 0.006 SE, CV = 0.69). Overall mean prey density (1995 to 1999) differed significantly among the 3 colonies (ANOVA: F 2,12 = 5.91, p = 0.016), with food density at Gull Island usually higher than that at either Chisik Island or the Barren Islands (Tukey multiple comparison test: p < 0.05; Chisik mean = 0.0138 g m -3 ± 0.002 SE; Barren mean = 0.0383 g m -3 ± 0.008 SE; Gull mean = 0.0540 g m -3 ± 0.012 SE).
Functional relationships
There was a weak relationship between time spent at the colony during incubation and food density, and, overall, the null model best fit the data. However, the model-averaged depiction of the relationship between food density and attendance has a semblance of nonlinearity (Fig. 1) . Birds actually maintained a fairly constant level of colony attendance over a broad range of food densities (null relationship) and reduced the time spent at the colony only when food reached the extreme lower range of densities measured in this study (Fig. 1) . When examining parameter estimates from this poorer fitting non-linear model (ΔAICc = 1.32), the threshold of 0.0334 g m -3 food density is lower than the threshold observed during chick-rearing. Above this threshold, birds maintained attendance at a rate of 75.20 bird-minutes h -1 over a broad range of higher densities. This equates to 4 h spent at the nest site by the non-incubating bird in a 16 h day.
In contrast, time spent at the colony during chickrearing varied non-linearly with food availability (Table 1, Fig. 1) . Overall, the non-linear model best fit the chick-rearing data (ΔAICc > 1.0 for competing models). Time spent at the colony increased linearly with food over a poor to moderate range of prey densities, but was largely independent of food density above 0.058 g m -3
, the estimated threshold from this bestfitting model. This threshold corresponded to an asymptotic attendance rate of 72.13 bird-minutes h -1 over a wide range of moderate to high food densities (in contrast to 75.20 bird-minutes h -1 during incubation), suggesting that the non-brooding parent would have to spend 12 min h -1 at the nest site, an equivalent of ca. 3 h of colony time in a 16 h day. The off-duty parent therefore spends ca. 1 h (in a 16 h day) less time at the colony over moderate to good feeding conditions than incubating parents.
DISCUSSION
The relationship between colony attendance of Uria aalge and local food density differed between the incubation and chick-rearing period in 3 important ways: (1) there was a strong non-linear relationship between food density and colony attendance during chickrearing and a weaker relationship during incubation; (2) incubating birds were able to maintain relatively constant rates of attendance over a wider range of food densities than chick-rearing birds, and only reduced colony attendance under extremely poor feeding conditions, if at all; and (3) incubating birds spent more time attending nest sites at the colony than provisioning birds. The first 2 differences indicate that chick-rearing parents are more sensitive indicators of food abundance than incubating parents, and further suggest that measurement of time allocation during the incubation period will have limited value as an indicator of ecosystem change. We assume that incubating birds were able to balance social requirements of time spent at the colony with energy demands at a lower threshold of food density than parents provisioning chicks. The decrease in time spent at the colony during chick-rearing most likely reflects an increase in time spent foraging. Provisioning parents must increase foraging effort in order to provide an average of 4 daily meals to their chick (Harris & Wanless 1988 , Burger & Piatt 1990 ) and also to satisfy the resulting increase in their own energy requirements (Gaston 1985 . Alternatively, the lower colony attendance during chick-rearing could be explained by reduced benefits of time spent at the colony. This seems unlikely, however, because the number of immature and non-breeding murres at a colony increases during late chick-rearing (Gaston & Nettleship 1982 , Harris et al. 1986 , and the importance of nest-site defense is therefore presumably high.
Knowledge of the shape or form of functional relationships is essential for interpreting species-specific responses to a changing environment. Behavioral or demographic parameters can provide a useful indication of environmental change only if we can predict the range of food availability to which they respond. It is also important to determine the optimal time of the breeding season for monitoring indicator parameters. Functional relationships are usually non-linear (Holling 1959 , Hassel & May 1974 , and therefore most measures of foraging effort only reflect a change in food availability when densities are low and food is limiting. Chick-rearing birds have higher food requirements than incubating birds and therefore broaden the range over which food density is related to colony attendance. We suspect that other behavioral parameters that reflect food acquisition may also respond to a broader range of food densities during the chickrearing period.
Direct measures of foraging effort using activity recorders or telemetry (e.g. Benvenuti et al. 2002 may provide a more accurate index of local food abundance than observations of colony attendance (Cairns 1987 ), but we observed a strong correlation between chick-rearing colony attendance and food density over a relatively wide range of low to moderate prey densities. Furthermore, methods for collecting data on time budgets are non-invasive, relatively inexpensive, and straightforward. This means they would be relatively easy to incorporate into long-term monitoring programs that use integrated approaches to detect change in the marine environment (e.g. Hare & Mantua 2000 , Golet et al. 2004 ).
